Abstract Innate immune responses in the central nervous system (CNS) have key roles influencing both physiological and pathological processes. Microglia are innate immune effector cells that reside within the CNS. These inflammatory cells are constantly surveying their external environment and rapidly respond to a variety of molecules that signal changes in CNS homeostasis. In response to these signals, microglia influence neuronal connections, modulate the functions of other glia, and mediate inflammatory responses to disease or injury. In parallel with the regulation of inflammatory responses outside of the CNS, investigators have observed that microglia are capable of heterogeneous responses to exogenous and endogenous signals. While much of this molecular and morphological heterogeneity is regulated by gene transcription, there is ample evidence that microglial behavior is determined, in part, by epigenetic regulation. Recent work has demonstrated that processes involving DNA methylation, histone modification, and noncoding RNAs also have important roles in modulating neuroinflammation. Here I will review the evidence supporting a role for epigenetic regulation of neuroinflammation and describe how this might influence the outcome of several CNS disorders, including addiction, infection, multiple sclerosis, and stroke.
The overarching evolutionary purpose of inflammation biology is to restore physiological homeostasis following infection or injury. Thus, effective inflammatory responses must be transient, enabling a time-dependent response that is programmed to normalize once homeostasis is restored. Longlived organisms have evolved to survive recurrent or chronic pathogen exposure through, in part, the development of the adaptive immune system and immunological memory. However, the innate immune system also requires careful feedback and time-dependent control to ensure that the host response to pathogens is appropriately tempered to eradicate the immediate threat without destroying the long-term ability of the organism to reproduce. This critical need for the innate immune system to respond to rapidly changing environmental cues makes the molecular regulation of inflammatory responses a likely target for epigenetic regulation. Inflammatory responses in the central nervous system (CNS) are mediated by a number of cell types, each of which may have unique mechanisms for epigenetic regulation. These include resident cells of myeloid origin (microglia), cells associated with the CNS vasculature, and inflammatory cells that traffic between the CNS and peripheral immune organs, as well as astrocytes derived from the neuroectoderm.
In the CNS, resident macrophages located within the parenchyma have been designated microglia. Based on the requirement for the PU.1(Sfpi1) transcription factor and the expression of many marker proteins in common with myeloid cells, it was hypothesized that microglia are derived from bone marrow. Bone marrow transplantation studies initially supported this hypothesis, as donor hematopoetic cells were able to migrate into the brain parenchyma and adopt typical microglia morphology [1] . However, it was later realized that microglia recruitment from transplanted hematopoetic cells in adult mice rarely occurs under basal conditions [2] , suggesting that microglia are unlikely to be a default terminal differentiation pattern for circulating monocytes that enter the CNS. Recent studies have also demonstrated that the majority of microglia are yolk sac, rather than bone marrow-derived. They enter the brain very early in embryonic development through an obligate CSFR1 signaling mechanism common to several types of tissue macrophages [3, 4] . Once resident within the CNS, microglia appear to perform critical functions for the development of normal brain structure. Mice lacking CSFR1 have no microglia, structural brain abnormalities, and behavioral deficits [5] . Additional studies have also demonstrated that microglia participate in the process of synaptic pruning in response to sensory experience [6, 7] .
Microglia were initially classified as quiescent or activated by morphological criteria. In the uninjured CNS, microglia have very small cell bodies and extensively ramified processes. In vivo imaging studies have revealed that in basal conditions, microglia are not actually quiescent. Their ramifications are continually in motion, appearing to actively survey their surrounding environment and rapidly changing morphology in response to neural injury [8] . Once exposed to signals indicating an alteration of homeostasis, microglia can respond with extensive functional heterogeneity. Microglia are capable of classical host defense responses that directly target pathogens such as the generation of reactive oxygen species and the release of molecular signals that recruit additional cellular participants to participate in the inflammatory response [9] . In addition, microglia can promote tissue homeostasis by phagocytic removal of pathogens and/or dead cells and the secretion of mediators that suppress inflammation, promote vascular expansion, and support neuronal survival [10, 11] . The molecular mechanisms that orchestrate these varied microglia responses or determine their temporal pattern of change have not been well delineated. My group, and others, have identified a number of key regulatory factors known to respond to inflammatory signals as influencing the pattern of subsequent microglia behavior [12] [13] [14] . Nevertheless, evidence exists to support the hypothesis that epigenetic factors also modulate microglia responses and may have important roles in mediating the response to chronic injury, infection, or inflammation in the CNS.
DNA Methylation as a Regulator of Microglia Behavior
Few studies have examined the effect of gene expression regulation by DNA methylation in microglia. Using a microglia-like cell line, investigators have reported that DNA methylation influences expression of several genes associated with the pathology of Alzheimer's disease [15, 16] . However, these studied do not clearly demonstrate that microglia behaviors are meaningfully altered in vivo. One very intriguing line of research demonstrating a role for methylation in the regulation of microglia behavior comes from the field of drug addition research. Exposing rats to morphine leads to increased pro-inflammatory cytokine and chemokine expression in the nucleus accumbens. Measures of subsequent addiction behavior are suppressed by promoting expression of the antiinflammatory cytokine interleukin-10 (IL-10), which downregulated the pro-inflammatory behavior elicited by morphine. Interventions that promote increased maternal care alter the methylation pattern of the IL-10 gene, leading to increased IL-10 expression in the nucleus accumbens and a reduction in morphine-induced addiction behavior [17] . This study demonstrates a clear example of how an environmental exposure influences epigenetic change in CNS inflammatory cells, as well as how that change can have a long-term impact, increasing susceptibility for a psychiatric disorder. There are interesting parallels between this study and those performed on circulating inflammatory cells from patients with chronic depression. Compared with nondepressed controls, circulating inflammatory cells from patients with chronic depression demonstrated an altered pattern of DNA methylation, including changes in genes associated with a chronic inflammation, such as C-reactive protein and the pro-inflammatory cytokine IL-6 [18] . This study suggests that there is a relationship between epigenetic change in the regulation of inflammation and chronic depression; however, the causal direction of that relationship remains to be determined.
Histone Modification in Neuroinflammation
The epigenetic regulation of inflammation in a wide variety of settings has been demonstrated to involve changes in gene expression mediated by post-translational modification of histones [19] . Modifications can include acetylation, methylation, phosphorylation, ubiquitination, and citrullination. Owing to the availability of small molecules with therapeutic potential that specifically modulate histone acetylation, this is the most studied specific histone modification. Histones are acetylated by histone acetyl transferase enzymes, while histone deacetylases (HDACs) remove these modifications. Drugs with known anti-inflammatory and neuroprotective functions, such as valproic acid, have HDAC inhibitory activity [20, 21] . In addition, several specific small molecule HDAC inhibitors (HDACi) have been identified, some of which are currently in clinical use for cancer treatment. HDACi compounds have pro-apoptotic action on cancer cells, but-paradoxically-appear to be neuroprotective in a variety of settings [22, 23] , as well as having potent antiinflammatory effects [24, 25] . When HDACi compounds are tested in vitro or in vivo, they have also been demonstrated to modulate the neuroinflammatory response by preventing the transcriptional activity of known pro-inflammatory regulators [26, 27] . However, HDACs also acetylate lysine residues on a wide variety of molecules in addition to histones, including some key regulators of inflammation [19] . Therefore, the efficacy of HDACi at suppressing a tissue destructive pattern of inflammation may stem from mechanisms of action that do not involve epigenetic change.
In addition, HDACi studies in vivo may involve cell typespecific responses, influencing distinct patterns of gene expression in microglia and astrocytes [27] ; thus, their precise mechanisms of action in whole-animal studies are difficult to determine. For example, astrocytes are a key component of the inflammatory response in the CNS parenchyma. Under basal conditions, astrocytes secrete factors that elicit microglia quiescence, such as transforming growth factor beta isoforms, suppressing microglia pro-inflammatory responses [28] . In pro-inflammatory conditions, HDAC activity increases in astrocytes, leading to loss of antioxidant defenses. HDACi can prevent astrocyte dysfunction initiated by pro-inflammatory microglia [29] . HDACi also promote astrocyte-mediated release of neurotrophic factors [30] , suggesting a parallel with microglia where pro-inflammatory signals decrease histone acetylation leading to tissue destructive actions, while inhibiting HDACs yields gene expression patterns associated with tissue repair.
Perhaps owing to, in part, this convergent pattern of behavior in response to HDACi in astrocytes and microglia, this class of compound has great potential utility in modulating neuroinflammation to prevent CNS injury. Nevertheless, the actions of HDACi in CNS injury are difficult to study because the compounds are hypothesized to have both neuroprotective and anti-inflammatory effects. Preventing neuronal injury may decrease neuroinflammation, while ameliorating the inflammatory response may also lesson neuronal injury. Therefore, experiments aimed at examining the mechanisms of action of HDACi should evaluate biomarkers for both activities in addition to examining the overarching impact of these compounds on the restoration of normal neurological function.
HDACi were initially developed for their anti-tumor properties, but have since been identified to have neuroprotective action in a number of settings. When HDACi were tested on in vivo models of neural injury, such as experimental stroke, they were demonstrated to possess anti-inflammatory, as well as neuroprotective, actions [31] , suggesting important therapeutic potential for preventing morbidity and mortality from CNS injury. One CNS disorder identified as potentially benefitting from HDACi was multiple sclerosis. This autoimmune disorder is associated with inflammatory demyelination and subsequent neurodegeneration. Thus, it was hypothesized that the ability of HDACi to both suppress inflammation and promote neuronal survival would have therapeutic benefit [32, 33] . Using the experimental autoimmune encephalitis (EAE) model of multiple sclerosis, it was observed that HDACi ameliorates inflammation and improves pathology of axons and myelin [34] , suggesting potential clinical utility of this class of drug for a CNS disorder, and highlighting that inflammatory regulation is influenced by HDACi.
Another example of potential clinical utility for HDACi in modulation of neuroinflammation is in the area of traumatic brain injury (TBI). Tissue destructive neuroinflammation is one factor believed to exacerbate the long-term consequences of TBI (loss of function, as well as post-traumatic epilepsy). In a rat TBI model, treatment with the HDACi 4-dimethylamino-N-[5-(2-mercaptoacetylamino)pentyl]benzamide prevented signs of both neuroinflammation and neurodegeneration 24 hours after injury [35] . It was also observed that treatment with HDACi following TBI led to increased p53 and caspase activation, specifically in microglia [36] , suggesting that neuroprotection from HDACi may involve suppression of the inflammatory response by promoting apoptosis of inflammatory cells when they are induced to proliferate by proinflammatory signals. A similar finding was observed when HDACi treatment was given in a rodent model of spinal cord injury [37] .
Another example has come from the study of Huntington's disease (HD). Studies in yeast demonstrated the mutant huntingtin (Htt) promotes the kynurenine pathway. In mice, mutant Htt influences the kynurenine pathway in microglia, leading to increased production of neurotoxic metabolites, and this effect of mutant Htt involves HDAC activity [38] . Treatment of an HD mouse model with HDACi normalized activity of the kynurenine pathway in microglia both in vitro and in vivo [38] , suggesting that one mechanism of the neuroprotective action of HDACi in HD models involves modulation of microglia gene expression.
Taken together, this group of studies suggests that modulating the CNS inflammatory response through pharmacological blockade of HDAC activity may have an important role in future therapeutic strategies for a variety of CNS disorders. However, given the potentially important role for HDACs in the regulation of gene expression in organs outside of the CNS, the therapeutic potential of this class of compounds for chronic disorders remains a question. Additional studies are needed to determine which specific histone modifications or protein acetylations should be modulated in order to consider epigenetic regulation of CNS inflammation a viable therapeutic target.
Regulation of Neuroinflammation by Non-coding RNA
A third mechanism of epigenetic regulation of gene expression is through non-coding RNAs. RNA molecules that do not code for protein are prevalent within total RNA samples [39] , and modulate gene expression and protein translation through a number of mechanisms. The most well studied form of noncoding RNA is microRNA (miRNA). miRNAs employ complementary binding to the 3' untranslated region of mRNAs and suppress expression of their target mRNAs both by preventing translation and promoting mRNA degradation [40] . Each individual miRNA has multiple targets, thus having the capacity to concurrently modulate a large number of proteins. Owing to this broad action, it has been hypothesized that individual miRNAs may be key modulators of whole patterns of cellular behavior. For example, miRNA profiling of specific CNS cell types revealed that each of the major cell types within the brain has a restricted pattern of miRNA expression, with some miRNAs promoting neuronal differentiation, while others clearly support glial differentiation patterns [41] . This profiling study identified a miRNA expression profile that differentiates microglial cells from neurons and neuroglia (Table 1) . This unique expression profile may represent the distinct origin and function of microglia cells within the CNS.
Some miRNAs have been identified as promoting proinflammatory behaviors, while others are associated with deactivation of the inflammatory response. The regulation of innate immune responses by miRNAs is an exciting topic of research, but it remains unclear whether miRNA-based regulation of peripheral macrophage/monocyte behavior will be recapitulated in microglia. Some well-studied miRNA modulators of inflammation have been evaluated in cultured microglia and have generally been observed to recapitulate the functions observed in macrophages. miRNA-155 promotes pro-inflammatory functional differentiation in lymphocytes and myeloid cells in response to signaling by cytokines or activation of Toll-like receptors. In microglial cells, miR-155 is up-regulated by Toll-like receptor activation and represses expression of the suppressor of cytokine signaling-1 protein, enabling the subsequent up-regulation of proinflammatory cytokine secretion [42] . Interestingly, the gene for miR-155 is located on human chromosome 21, suggesting that trisomy 21 patients might be at risk for increased neuroinflammation. Brains from patients with trisomy 21 do demonstrate increased miR-155 and microglia activation, perhaps contributing to the increased risk of Alzheimer's disease in this population [43] . MiR-146a is another miRNA with a well-described role in modulation of the inflammatory response. Pro-inflammatory signaling leads to up-regulation of MiR-146a expression, but this miRNA subsequently targets pro-inflammatory molecules for suppression, thereby serving as a negative feedback loop on the activation of pro-inflammatory behavior. Pro-inflammatory signaling leads to increased expression of miR-146a in microglia and subsequent decreased expression of molecules needed to maintain the pro-inflammatory behavior [44] .
In the normal adult brain, microglia appear to have a molecular phenotype suggesting inflammatory quiescence, expressing low levels of major histocompatibility complex class II and co-stimulatory molecules [45] . After exposure to an inflammatory stimulus, microglia initiate a similar pattern of new gene expression compared with peripheral macrophages, but the size of theses changes is quantitatively reduced [45] . As such, the inflammatory activation of microglia is a likely potential target for epigenetic regulation by miRNAs, as each miRNA can suppress expression of a large number of target genes without necessarily changing the overall pattern of gene expression. Several miRNA regulators of inflammatory cell behavior have been identified, and some have been demonstrated to play critical roles in the pathogenesis of CNS diseases. One example is miRNA-124, a miRNA that suppresses the expression of transcriptional regulators of macrophage activation. In response to the EAE model of multiple sclerosis, miR-124 is down-regulated in microglia, while exogenous delivery of miR-124 lead to marked reduction in the severity of EAE [46] .
Another example of an important miRNA-based modulation of neuroinflammation that influences disease pathogenesis has been reported in a study aimed at elucidating the mechanisms of neuronal injury in HIV-associated neurocognitive disorders (HAND). One model of HAND pathogenesis involves cellular dysfunction and microglia activation caused by secreted HIV proteins, including Tat. When human microglia cells are exposed to Tat, they increase expression of miR-32, which represses tumor necrosis factor-receptorassociated factor 3 and leads to the subsequent up-regulation of interferon response factor-3 (IRF-3) and IRF-6 [47] . Increased IRF-3 can, in turn, further exacerbate neuroinflammation by promoting the expression of miR-155 [48] , suggesting a mechanism by which Tat exposure may further amplify chronic inflammation that contributes to eventual neurological dysfunction in HAND. It has also been reported that infection of microglia by HIV leads to increased expression of miR-146a, which subsequently suppress proinflammatory behavior and the release of CCL8/monocyte chemoattractant protein 2 (MCP-2) [49] . As MCP-2 can serve to block cellular entry by HIV, the role of miR-146a may have duel effect in perpetuating HAND by both suppressing endogenous antiviral proteins and decreasing the release of MCP-2. A similar role for miR-146a has been proposed for prion disease, where increased expression of miR-146a is observed in microglia [50] .
The neuroinflammatory response to ischemia has also been reported to involve miRNAs. Microglia exposed to oxygen glucose deprivation (OGD) release inflammatory mediators, such as tumor necrosis factor alpha (TNF) and Fas ligand (FasL), which are toxic to surrounding neurons and may exacerbate neural injury following stroke. The expression of TNF and FasL following OGD are influenced by miR-181c and miR-21, respectively, and over-expression of these miRNAs in microglia exposed to OGD suppresses release of TNF and FasL, as well as protecting neurons cocultured with OGD treated microglia [51, 52] . miR-424 is another miRNA with an established role in the regulation of macrophage inflammatory response by suppressing expression of proteins involved in cell cycle progression. In stroke patients, as well as the middle cerebral artery occlusion (MCAO) model of stroke, miR-424 is decreased, suggesting that reduced expression of this miRNA may enable the proinflammatory response to proceed [53] . When expression of miR-424 was induced by lentiviral gene transfer in the MCAO model infarct volume, brain edema, markers of neuroinflammation, and neuronal apoptosis were all significantly reduced [53] . These findings suggest that modulation of miRNAs may be a means of modulating the inflammatory response to reduce neurodegeneration after an ischemic insult.
Another example of a proposed miRNA-based therapeutic intervention in stroke involves the Let7f miRNA, which suppresses mRNA for the neurotrophic factor insulin-like growth factor 1 (IGF-1). IGF-1 is protective in a rat MCAO model of stroke, specifically in middle-aged females with age-related declines in IGF-1. Delivery of a stabilized antimiRNA targeting Let7f also decreased infarct volume and improved behavioral outcomes after MCAO in middle-aged female rats [54] . Interestingly, the majority of Let7f was detected in microglia cells, and alterations in IGF-1 secretion were only observed when microglia isolated from the ischemic side of the brain were exposed to anti-Let7f [54] . These findings suggest the possibility that the effect of antiLet7f may modulate the inflammatory response by promoting a pattern of functional differentiation similar to alternative activation in macrophages, rather than just specifically targeting the expression of IGF-1. As would be predicted by a broader effect on microglia activation state of anti-Let7f, this study also demonstrated increased expression of brainderived neurotrophic factor and prostaglandin E2 synthase [54] .
In summary, these studies all demonstrate that CNS inflammatory responses are strongly influenced by alterations in the expression of a number of miRNA species. These miRNAs subsequently influence the functional heterogeneity of cells participating in the inflammatory response to disease, infection, or injury through an epigenetic mechanism.
Conclusions and Future Questions
As discussed above, several studies demonstrate that the molecular regulation of neuroinflammation is strongly influenced by epigenetic mechanisms. Perhaps the most exciting conclusion to be drawn from studies performed to date is that modulation of epigenetic factors can influence not only the neuroinflammatory features in CNS disease and injury, but can also affect the functional and anatomical outcome in animal models of these disorders. These studies have provided important support for the hypothesis that modulation of neuroinflammatory responses aimed at suppressing the tissue destructive actions and promoting tissue repair functions can yield important benefit in a variety of CNS disorders for which current therapeutic options have limited efficacy. Additionally, as the modification of histones can be targeted by pharmacological compounds with HDACi activity (some of which are already in use for cancer treatment) it is possible that drugs that promote histone acetylation will rapidly move into clinical trials for acute CNS injury. Given the potential for deleterious off-target effects from HDACi with broad activity, it will likely require much more extensive knowledge of the precise molecular targets for acetylation needed to modulate the pathogenesis of chronic neurodegenerative disorders like HD and Alzheimer's disease. Targeted pharmacological manipulation of miRNAs also holds future promise. However, much more study is needed to identify miRNAs with the potential to specifically affect the CNS inflammatory response with limited off-target effect.
